Abstract: The paper describes the engineering and design of a doubly fed induction generator (DFIG), using back-to-back PWM voltage-source converters in the rotor circuit. A vector-control scheme for the supply-side PWM converter results in independent control of active and reactive power drawn from the supply, while ensuring sinusoidal supply currents. Vector control of the rotor-connected converter provides for wide speed-range operation; the vector scheme is embedded in control loops which enable optimal speed tracking for maximum energy capture from the wind. An experimental rig, which represents a 1.5 kW variable speed windenergy generation system is described, and experimental results are given that illustrate the excellent performance characteristics of the system. The paper considers a grid-connected system; a further paper will describe a stand-alone system. 
Introduction
The doubly fed induction machine using an AC-AC converter iin the rotor circuit (Scherbius drive) has long been a standard drive option for high-power applications involving a limited speed range. The power converter need only be rated to handle the rotor power. Vector-control techniques for the independent control of torque and rotor excitation current are well known [l] , whilst Jones and Jones [2] , for example, have shown that a vector-control strategy can be used for decoupled control of active and reactive power drawn from the supply. Wind-energy generation is regarded as a natural application for the Scherbius DFIG system, since the speed range (from cut-in to rated wind velocity) may be considered restricted. Most Scherbius DFIG systems reported employ either a current-fed (naturally commutated) DC-Link converter [3] [4] [5] or cycloconverter [6-91 in the rotor circuit. Smith et al. [3] describe the rated speed settings, gearbox ratios, and machine and converter ratings for variable-speed wind generation using the DFIG. Cardici and Ermis [4] , and Uctug et al. [5] , have presented strategies aimed at maximising the total electrical power output from the DFIG. The use of a current-fed DC-link converter has a number of disadvantages: the DC-link choke is expensive, and an extra commutation circuit is required for operation at synchronous speed (which lies within the operational speed range), and this has resulted in poor performance at low slip speeds [4] . In addition, such a converter draws rectangular current waveforms from the supply. The problem at synchronous speed may be overcome by use of a cycloconverter, and vector-controlled Scherbius schemes with 6-pulse cycloconverters have been described by Leonhard [ 11 and Walczyna [6] . Yamamoto and Motoyoshi [7] have presented a detailed analysis of the current harmonics drawn from the supply, which is still a problem in this type of drive. Machmoum et al. [8] have presented an implementation with a simpler 3-pulse cycloconverter, whilst Holmes and Elsonbaty [9] describe a similar converter to excite a divided-winding doubly-fed machine, which improves the speed range to 50% slip at the expense of increased machine complexity. Both of these schemes have the disadvantage of requiring a transformer to form the neutral; in addition, naturally commutated DC-link and cycloconverter schemes may, in many cases, require a transformer for voltage matching.
The disadvantages of the naturally commutated DClink and cycloconverter schemes can be overcome by the use of two PWM voltage-fed current-regulated inverters connected back-to-back in the rotor circuit. The characteristics of such a Scherbius scheme, in DC drive r ---i which both converters are vector controlled, are as follows: operation below, above and through synchronous speed with the speed range restricted only by the rotorvoltage ratings of the DFIG operation at synchronous speed, with D C currents injected into the rotor with the inverter working in chopping mode low distortion stator, rotor and supply currents independent control of the generator torque and rotor excitation Control of the displacement factor between the voltage and the current in the supply converter, and hence control over the system power factor. Surprisingly, given the obvious advantages, Scherbius schemes using this arrangement have received little attention in the literature. Such a scheme was reported by Bogalecka [lo] and Tang and Xu [l I], using simulation studies, but the authors have not verified the performance of the system experimentally. In this paper, a full engineering study of an experimental back-to-back PWM vector Scherbius scheme is presented, with experimental results verifying the performance flexibility of the system. Since the research was initiated as part of a research program into new generator schemes for wind energy, the paper describes an implementation directed at wind generation, with the restriction that the system is connected to a grid. A stand-alone implementation is beyond the scope of the paper, and will be described in a future publication.
Experimental system
A schematic diagram of the overall system is shown in Fig. 1 of the system, including the .?-phase back-to-back PWM converters, are given approximately by (1) where n is the stator-rotor turns ratio of the DFIG (1.7 for the machine used), s is the slip and q, in2 are the PWM modulation depths of the stator-side and rotorside converters respectively. Eqn. 1 determines the speed range of the generator. The stator-side converter modulation depth is nominally 0.75 (as discussed below), and the maximum modulation depth for the rotor--side converter is approximately 0.76. This gives a theoretically possible speed range of 0 to 2000rpm for the 6-pole machine. In fact a lower speed range is used in practice since a full speed range from zero to twicerated requires the PWM converters to be of equal rating to the machine, and this undermines the advantage of the Scherbius scheme. For wind generation, a restricted speed range is acceptable on account of a minimum wind velocity (the cut-in speed), below which very little energy is extractable. The generator speed corresponding to rated wind velocity can be set at any point by thc choice of gearbox ratio. Of course, to get the maximum benefit from the Scherbius scheme, this point should be well above synchronous speed where power is extracted from both the rotor and stator of the machine. Eventually, however, as the slip is increased, the system efficiency starts to decrease since more power passes through the DC link converters and the rotor iron and frictional losses increase. For the machine and converters used in this study, the most efficient speed has been determined by experiment to be near 1500rpm and is therefore chosen to correspond with rated wind velocity. The turbine-gearbox arrangement is simulated in the experimental system by a thyristor converter fed D C machine which emulates a 7.5kW turbine with cut-in and rated wind velocities of 4ms-' and 1 Oms-', respectively, corresponding with generator speeds of 500 and 1500rpm.
The converters used are standard 7.5 kW commercial bipolar transistor PWM inverters with a rated DC-link voltage of 580V and a maximum switching frequency of 1 kHz. At this power level, the use of IGBT converters would have allowed a higher switching frequency and would have eased some of the control-loop design. However, the low switching frequency employed in the prototype confirms that the techniques used could be translated to much higher power levels using, for instance, GTO devices. In order to protect the inverter power devices, v, (and hence V,) was limited to approximately 250 V line through a 3-phase variac on the supply, as shown in Fig. 1 shown in Fig. 1 . At lower speeds, acceptable rotor current waveforms are obtained, since the unwanted harmonics have a lower amplitude and are within the current control-loop bandwidth. The presence of these inductors means that the rotor-side converter modulation depth is slightly higher than that given by eqn. 1.
The inductors in series with the supply-side converter are 12mHlphase, which limit the high-frequency ripple due to switching harmonics to 3 A p-p (approximately 15% of the rated peak current). Since the high-frequency ripple is relatively small, the inductors can be fabricated using standard 50Hz lamination material without undue power loss. The generator is driven by a torque-controlled 15kW DC motor drive, which simulates a wind turbine. A microprocessor receives wind-velocity data from a PC, and calculates the instantaneous turbine torque from a given turbine-blade characteristic (see the Appendix). This torque forms the torque demand to the DC drive after compensation for drive losses. The speed of the turbine-gen'erator set is determined by an optimal speed tracking algorithm that effects maximum energy capture from the wind; this is discussed in Section 5.
Other system set points input from the PC include the DC-link voltage, the reactive current drawn by the supply-side PWM converter (which indirectly controls the system power factor), and the rotor excitation current that is nominally set to zero (see Section 4). The microprocessors used in the experimental rig are T800 floating point transputers, whose parallel processing capability allows the computational tasks to be partitioned into parallel units. One transputer carries out the vector control and PWM generation of the supplyside PWM converter, a second is responsible for the vector conlrol of the DFIG and the optimal speedtracking algorithms, a third implements the PWM for the rotor-side converter (because the second has too much work to do already) whilst a fourth acts both as a turbine torque calculator for the DC drive (simulating the turbine-blade characteristics) and also as a supervisory buffer interfacing with a PC. The latter provides the user interface, in which all system variables can be displayed during system operation, whilst set-points and control parameters can likewise be changed on-line. Details of system synchronisation, intertransputer communications, and A/D and PWM interfaces can be found in [12] . For a practical system, the use of a single high-performance DSP is possibly sufficient to carry out the control tasks, and would be more economic than the use of transputers; however, the latter have significant advantages during system development. The PWM switching frequency was set at 1 kHz on alccount of the converters used. The sampling period for all currents and voltages, and all control loops is 500 p, unless specified otherwise.
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The objective of the supply-side converter is to keep the DC-link voltage constant regardless of the magnitude and direction of the rotor power. A vector-control approach is used, with a reference frame oriented along the stator (or supply) voltage vector position, enabling independent control of the active and reactive power flowing bet ween the supply and the supply-side converter. The PWM converter is current regulated, with the direct axis current used to regulate the DC-link voltage and the quadrature axis current component Control of supply-side PWM converter used to regulate the reactive power. A standard regular asymmetric sampling PWM scheme [13] is used. Fig. 2 shows the schematic of the supply-side converter. The voltage balance across the inductors is where L and R are the line inductance and resistance, respectively. Using the transformations of the Appendix, eqn. 2 is transformed into a dq reference frame rotating at we:
With the scaling factors used in the transformations of the Appendix, the active and reactive power flow is
The angular position of the supply voltage is calculated as Aligning the d-axis of the reference frame along the stator-voltage position given by eqn. 5, vq is zero, and, since the amplitude of the supply voltage is constant v d is constant. The active and reactive power will be proportional to id and i,, respectively.
Neglecting harmonics due to switching and the losses in the inductor resistance and converter, we have
From eqn. 6, it is seen that the DC-link voltage can be controlled via id. The control scheme thus utilises current control loops for id and i , , with the id demand being derived from the DC-link voltage error through a standard PI controller. The i , demand determines the displacement factor on the supply-side of the inductors. The strategy is shown in Fig. 3 . From eqn. 3, the plant for the current control loops is given by:
where ( 8 ) In eqn. 8, v*dl and vi1 are the reference values for the supply-side converter, and the terms in brackets constitute voltage-compensation terms.
I Control-loop designs
The design of the current controllers follows directly from eqn. 7, which can be written in the z-domain as where T, is the sample time (0.5ms). The converter may be modelled by a pure delay of two sample periods yielding the control schematic of Fig. 4 No 3, May 1996 standard design techniques may be applied. For the inductors used, R = 0.162, L = 12mH, a design for a nominal closed-loop natural frequency of 125Hz and 5 = 0.8 can be obtained using the PI controller:
The design of the DC-link voltage controller may carried out in the continuous domain, and it is assumed that the inner id loop is ideal. From eqn. 6, the effective transfer function of the plant is
and the closed-loop block diagram is shown in Fig. 5 , in which io, is represented as a disturbance. Again, standard classical design i s appropriate. Inserting values of E* = 550V, ml = 0.75 (for V, = 250V), C = 2.4mF and T, = 5ms, a controller of 0.12 ( z -0.9248)/ ( z -1) can be shown to give a nominal closed-loop natural frequency of 25rads-l, with 5 = 0.7. This is 50 times slower than the loop sampling frequency, and justifies the continuous design. 
Experimental results
Several tests have been carried out to study the performance of the supply-side converter in both transient and steady-state conditions, including bidirectional power flow with lagging, leading and a unity displacement factor. The DC-link voltage is regulated at 550V, and the converter is connected to a 250V supply. change in q-axis current demand Fig. 8 sh'ows the response of the converter to a step change in reactive current demand, with power flowing from the supply to the DC-link. Here i> is set to 4.5A and ii is stepped from 4 A to +4A at t = 30ms. Fig. 9 shows the phase voltage and current, illustrating that the change in phase from 40" leading to 40" lagging takes place within one cycle. These waveforms demonstrate the capability of the converter to supply reactive power to, or receive reactive power from, the grid.
The same performance, although not shown, has been observed for step changes in reactive current demand, wlhen the active power is flowing to the grid; the converter also being able to work at unity, lagging or leading power factor under that condition. The performance of the voltage-control loop is shown in Section 4.2.
Induction-machine control
The induction machine is controlled in a synchronously rotating dq axis frame, with the d-axis oriented along the stator-fllux vector position. In this way, a decoupled control between the electrical torque and the rotor excitation current is obtained. The rotor-side PWM converter provides the actuation, and the control requires the measurement of the stator and rotor currents, stator voltage and the rotor position. There is no need to know the rotor-induced EMF, as is the case for the implementation with naturally commutated converters.
Since the stator is connected to the grid, and the influence of the stator resistance is small, the stator magnetising current I,, can be considered constant.
Under stator-flux orientation, the relationship between the torque and the dq axis voltages, currents and fluxes (all scaled to be numerically equal to the AC per-phase values) may be written as [1]:
The stator flux angle is calculated from AP,
8, = tan-' ~
A , , where 8, is the stator-flux vector position. The integral in eqn. 12 is solved using a digital passband filter, with cutoff frequencies of 0.5Hz and 1Hz to eliminate DC offsets. From eqn. 11, the torque is proportional to zqr 1 ' : I :
' m s and can be regulated using vqr. The rotor excitation current id,. is controlled using vdr. Assuming that all reactive power to the machine is supplied by the stator, ii, may set to zero. Fig. 10 shows a schematic block diagram for the machine control. The reference q-axis rotor current can be obtained either from a outer speed-control loop or from a reference torque imposed on the machine. These two options may be termed a speed-control mode or torque-control mode for the generator.
A similar analysis for the control of the dq currents carried out for the supply-side converter can likewise be done for the control of the dq rotor machine currents. From the rotor-voltage equation in eqn. 11 we have 
I Control-loop designs
The plant for the current-control design is similar to the case of the supply-side converter current controller (see Fig. 4 ) with the following variable substitutions: 
A speed controller is needed when the machine operates in the speed-control mode. The design of the speed controller is carried out in the continuous domain, in a similar way to that of the voltage controller for the supply-side converter, assuming also that the current controllers are much faster than the speed loop, and are thus considered ideal. The second order system of Fig. 5 is obtained (without the io, disturbance) (z -1). Although a faster speed controller can be designed for the speed-control mode, in practice it is found that noise considerations limit the closed-loop natural frequency. This derives from the fact that the speed demand is obtained from a mechanical torque observer, which effectively estimates the shaft acceleration from a limited-resolution speed encoder [14] . 
Experimental results
Results are given showing the step-current response for the DFIG for sub-and supersynchronous operation. For these tests, the DFIG is driven by the D C machine under speed control. Figs. 11-13 show the response to a 12A (110% rated) step in iir applied at t = 25ms and removed at t = 250ms for supersynchronous operation (0, = 1300rpm), with the excitation rotor current id, maintained at zero. Fig. 12 shows the rotor-phase current and Fig. 13 Although the magnetising current in a DFIG is normally determined by the stator voltage, the freedom exists to control the magnetising current from id,.. Figs. 14-16 show the response to a step change in i * , of 7 A (which corresponds to rated magnetising current referred to the rotor) at t = 50 ms for subsynchronous operation (IW, = 600 rpm) with i,, maintained at 2 A. Fig. 15 shows the rotor-phase current and Fig. 16 shows the stator voltage and current on the same time axis. As is evident from the phase displacement, the magnetising current is initially supplied from the stator until t = 50 ms, where the phase shift changes to 180", showing that the machine is generating with all the magnetising current supplied from the rotor. In practice, it is generally desirable to supply the magnetising current entirely from the stator (by setting ii,. = 0) to minimise the losses in the rotor converter cascade.
One of the advantages of this PWM Scherbius scheme is the smooth operation through synchronous speed; this is shown in Fig. 17 . Optimal tracking to provide maximum energy capture from the wind derives from the power-speed characteristics of a given turbine. This is commonly expressed as [ 1 51:
Optimum operating point tracking of a
The turbine blade is characterised by particular C,-h, p curves, and from these the Tm-cor characteristics may be derived for various values of wind velocity v. Fig. 18 shows the characteristic, with a fixed 0, for the 7.5kW
wind turbine emulated in the experimental rig. The curve Popl defines the maximum energy capture, and the objective of a tracking control is to keep the turbine on this curve as the wind velocity varies. The curve is defined by [15] :
where a, is the shaft speed referred to the generator side of the gearbox. For wind velocities higher than rated, the turbine energy capture must be limited by 238 applying pitch control or driving the machine to the stall point [16-181. For wind velocities below rated, the machine follows eqn. 16. There are two methods of achieving this which are termed 'current-mode control' or 'speed-mode control'.
I Current-mode control
This mode may be considered to be standard tracking mode [17] . Given a shaft-speed measurement, an electrical torque can be imposed on the DFIG according to eqn. 16 after compensating for the transmission friction losses:
-2Te* 3~Lrnirns Tev = KOptwZ -Bw, i;r = and i;,. is impressed on the DFIG. Considering Fig. 18 , if the DFIG is operating at 'a' and the wind increases from 7ms-I to 8 mss' (point 'b'), the extra power and hence torque causes the DFIG to accelerate, the accelerating torque being the difference between the turbine mechanical torque and the torque given by the optimum curve. Eventually the machine will reach the point 'c' where the accelerating torque is zero. A similar situation occurs when the wind velocity decreases.
Speed-mode control
This is a rather novel method [14, 191 and has not hitherto received much attention on account of its requirement for a mechanical torque observer. The authors' research team have shown [14] that, whilst there are engineering problems associated with the observer design, the method is feasible in practice, and that significantly improved tracking may be obtained over the current-control method above. Given a T, signal, then the DFIG can be driven to the optimum power curve by where 0,: is the demand speed for the speed controller considered in Section 4.1. In this study the mechanical torque is observed using the mechanical model of the system given by
where 6,. is the predicted speed and Tau, is a predicted auxiliary torque va-able. The estimated speed Q, and mechanical torque T, follow from
where k,, and k,, are constants defining the observer dynamics. These gains may be derived either by Kalman Filter [20] or classical observer design. For the parameters of Appendix 1, gain values of kol = 0.98 and ko2 = 5.9 give an observer dynamic natural frequency of about 4rads-'.
Stall regulation
One of the advantages of a torque observer is that it allows the straightforward implementation of stall regulation as the method of overspeed protection. The system calculates the instantaneous power P, = P,or, and hence determines the speed demand according to
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if Pm 2 P, , , then w,* = wherein if P, 2 P, , , , energy capture is reduced through the DFIG being driven to the stall point (a sample stall point for a particular wind velocity is marked 'd' in Fig. 18 ). Stall regulation has the advantage over the alternative (and more usual) overspeed protection scheme of blade pitch control, in that simple fixed pitch blades may be used. However, stall regulation requires not only an effective torque estimator but also a sufficient generator overtorque capability to overcome the instantaneous turbine torque, and hence decelerate the system to the stall point. This in turn effects the choice of machine rating [21] . 
Experimental results
The transient performance of the system working in either control mode is evaluated for step wind velocity transients between 5 ms-1 and 9ms-', corresponding to optimal shaft speeds of 750rpm and 1350rpm, respectively. The rotor excitation current i*dr = 0. hits a maximum limit under deceleration. Under current-mode control, the torque capability of the machine is not exploited, and both the torque and speed hunt smoothly to the optimum curve. Steady-state system characteristics have been studied, with the machine working on the optimal power curve under either control mode. Fig. 23 shows the optimal speed tracking for various wind velocities; the tracking accuracy depends on the accuracy in quantifying the power losses in the drive train. An accuracy of 4% is achieved using a look-up table for the torque compensation due to drive friction and machine iron losses. Fig. 24 shows the power output from the rotor, stator and supply-side (denoted 'front-end') converter. Above synchronous speed, power is generated both from the stator and the rotor. No power is generated when the wind velocity is below 5ms-' (even when the machine is driven to the optimum power curve) because the mechanical and electrical losses are higher than the power available from the wind. Fig. 25 shows the rotor current as a function of shaft speed. The rotor current follows a quadratic law as predicted for optimal tracking. Experimental results showing the performance of the system when driving into and out of the stall zone are presented. The maximum power has been set to a nominal P,,, = 4kW, in order that the DFIG can produce sufficient decelerating torque. Fig. 26 shows the response to a step increase in wind velocity from 7ms-' (for which P , < P,,,,) to 9ms-' (for which P , > P,,,).
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A wind velocity of 7ms-' corresponds to an optimal shaft speed of 1050rpm. The torque current momentarily decreases in order to accelerate the machine to the new optimum speed according to eqn. 18, but when P,,,,, is reached, the current increases to decelerate the DFIG into the stall zone. Following this, the current settles at a value which regulates the power to the nominal maximum. Fig. 27 shows the reverse situation for the DFIG being driven out of the stall zone under a wind velocity transient of 9ms-' to 7ms-'. 
Conclusions
The engineering and design aspects of a DFIG working with a Scherbius scheme, consisting of two back-toback PWM converters, has been presented. An experimental transputer controlled system has been described, and the fundamental operational advantages have been verified. These include the smooth operation through synchronous speed, low distortion currents fed to the supply and the ability to control the system power factor. Vector-control techniques have been applied to both converters. The vector control for the machine has been embedded in an optimal tracking controller for maximum energy capture in a windenergy application. Two such tracking schemes have been described, and experimentally implemented, and the superiority of speed-mode control for dynamic speed performance has been shown. This scheme employs a torque observer, which also allows for simple implementation of stall regulation to protect against generator overload. The present paper has described the back-to-back PWM DFIG scheme with the system grid connected. The scheme can also be used for supplying an isolated AC load, augmented with a controlled dump load. This will be the subject of a future paper. 
